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Abstract
Oligocholate macrocycles self-assemble into transmembrane nanopores by the associative interactions of
water molecules inside the amphiphilic macrocycles. Macrocycles functionalized with a terephthalic acid “side
chain” displayed significantly higher transport activity for glucose across lipid bilayers than the corresponding
methyl ester derivative. Changing the 1,4-substitution of the dicarboxylic acid to 1,3-substitution lowered the
activity. Combining the hydrophobic interactions and the hydrogen-bond-based carboxylic acid dimerization
was an effective strategy to tune the structure and activity of self-assembled nanopores in lipid membranes.
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ABSTRACT: Oligocholate macrocycles self-assemble into trans-
membrane nanopores by the associative interactions of water
molecules inside the amphiphilic macrocycles. Macrocycles
functionalized with a terephthalic acid “side chain” displayed
signiﬁcantly higher transport activity for glucose across lipid
bilayers than the corresponding methyl ester derivative. Changing
the 1,4-substitution of the dicarboxylic acid to 1,3-substitution
lowered the activity. Combining the hydrophobic interactions and
the hydrogen-bond-based carboxylic acid dimerization was an
eﬀective strategy to tune the structure and activity of self-assembled
nanopores in lipid membranes.
Lipid membranes are the barriers that separate the inside ofa cell from its environment and the various compartments
within the cell from the cytosol. Numerous biological functions
occur at these interfaces,1 and not surprisingly, membrane
proteins account for nearly 50% of all drug targets.2 For these
reasons, understanding how molecules recognize one another
in a lipid membrane is of great importance to both biology and
chemistry. In the past decades, chemists have gained signiﬁcant
understanding of how molecular recognition occurs in solution.
However, when molecules move from a homogeneous solution
into an amphiphilic, nanodimensioned, and liquid crystalline
membrane, their intermolecular interactions (including those
with the environment) change enormously and the relative
importance of diﬀerent noncovalent forces often needs
recalibration.
Our group has reported amphiphilic (oligocholate)
foldamers prepared from cholic acid.3 Their steroid-derived
backbone and controlled conformations make them excellent
mimics of membrane protein transporters.4 More recently, we
prepared oligocholate macrocycles (e.g., 1−2) as novel pore-
forming agents.5 The numerous inward-facing hydroxyl and
amide groups make the molecule carry a pool of water in the
interior when it enters a membrane. Because these water
molecules have a strong tendency to interact with other water
molecules instead of the lipid hydrocarbon, the macrocycles
prefer to stack over one another to form a transmembrane
nanopore. The pore formation was conﬁrmed by the
macrocycle-induced leakage of glucose from liposomes5 and
further by ﬂuorescently (e.g., 3−4) and isotopically labeled
analogues using ﬂuorescence6 and solid-state NMR spectros-
copy, respectively.7
Nanopore-forming agents have numerous applications in
drug delivery, separation, sensing, and catalysis.8 For many of
these applications, it is highly desirable that the pore formation
be controlled rationally. Compound 5 contains a tricholate
macrocycle and a terephthalic acid side chain. Terephthalic acid
is known to have two crystalline forms and, in both forms, the
molecules are linked together by hydrogen-bonded carboxylic
acid dimers into inﬁnite chains.9 Our idea was that a
combination of the hydrophobic interactions (among the
entrapped water molecules inside the cholate macrocycles) and
a tunable, directional polar interactions (among the carboxylic
acids on the side chain) would allow us to control the pore
formation.10 Since the height of the cholate macrocycle is
similar to the width of a cyclohexane, the hydrogen-bonding
interactions of the terephthalic acid and the stacking of the
cholate macrocycle should be compatible geometrically.
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Compound 5 was obtained by the hydrolysis of ester 6,
which was synthesized from the linear tricholate 7 by standard
transformations (Scheme 1). The key design of the molecule
involves the incorporation of a natural L-cysteine functionalized
with a propargyl group. The terminal alkyne allowed a late-
stage installation of the terephthalic acid moiety via a
convenient click reaction. It also enables us to change the
carboxylic side chain of the macrocycle readily (vide infra).
The tricholate macrocycle has a triangularly shaped internal
cavity approximately 1 nm on the side, large enough for glucose
to pass through.5 Figure 1 compares the leakage proﬁles of
glucose-ﬁlled large unilamellar vesicles (LUVs) induced by the
terephthalic acid-functionalized macrocycle (5), its methyl ester
derivative (6), and the linear trimer (7). The leakage assay was
based on the reactions between the escaped glucose and
extravesicular enzymes that released UV-active NADPH.11
Whereas the linear trimer showed little activity over the
background leakage (averaging 6−10% at 60 min), the
macrocycles displayed higher activity. The acid derivative was
by far the most eﬀective transporter among the three, with all
300 mM of glucose leaking out of the liposomes in <20 min in
the presence of 5 μM of 5.
Most membrane transporters function as either a carrier or a
channel/pore.12 A carrier binds and accompanies its cargo to
diﬀuse across the membrane. A channel or pore, on the other
hand, is relatively stationary within the membrane. One way to
distinguish pore-based transport from a carrier-based mecha-
nism is to study the eﬀect of lipid composition on the transport
rate. Addition of 30% cholesterol to the POPC/POPG
membrane is known to increase the hydrophobic thickness of
the membrane from 2.6 to 3.0 nm13 and decrease its ﬂuidity.14
Although cholesterol reduces the membrane permeability of
hydrophilic molecules in general,15 cholesterol incorporation
was found to speed up the glucose transport by macrocycles 1
and 2 across POPC/POPG membranes.5 The result was
counterintuitive according to conventional reasoning but fully
consistent with the hydrophobically driven pore formation.
To our surprise, the addition of 30 mol % of cholesterol to
the POPC/POPG membranes did not enhance signiﬁcantly the
glucose leakage induced by 5 (Figure 2a). Although the leakage
overall was still slightly higher for the cholesterol-containing
liposomes, the eﬀect was far smaller than that observed for 1
and 2 (up to 5−7 times faster with the same level of
cholesterol, depending on the concentration of the macro-
cycle).5
Figure 1 shows that the carboxylic acids were clearly
beneﬁcial to the glucose transport across the POPC/POPG
membranes. Could it be possible that other mechanisms (than
nanopore formation) was responsible for the faster leakage of 5
over 6? To better understand the transport mechanism, we
switched the permeant to carboxyﬂuorescein (CF), a molecule
too large to permeate the cyclic tricholate nanopore. CF
displays strong self-quenching above 50 mM and, thus, emits
more strongly once escaping from a liposome.16 Our previous
study suggests that CF needs to be sandwiched by two cyclic
Scheme 1. Synthesis of Terephthalic Acid Functionalized Macrocycle 5
Figure 1. Percent leakage of glucose from POPC/POPG LUVs as a
function of time for macrocycle 5 (⧫), macrocycle 6 (◊), and linear
trimer 7 (▲). [Oligocholate] = 5.0 μM. [Phospholipids] = 104 μM.
Figure 2. (a) Percent leakage of glucose at 30 min induced by 5 from
POPC/POPG LUVs with (dashed line) and without 30% cholesterol
(solid line). [Phospholipids] = 104 μM. (b) Percent leakage of CF
induced by 5 from POPC/POPG LUVs with (×) and without 30%
cholesterol (△). [Oligocholate] = 0.5 μM. [Phospholipids] = 2.9 μM.
The leakage experiments were typically run in duplicate.
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tricholates to move across a membrane via a carrier
mechanism.17 As shown in Figure 2b, the CF leakage induced
by 5 slowed down greatly upon the inclusion of cholesterol in
the LUVs. At 60 min, the cholesterol-containing liposomes (×)
only showed less than half of the leakage found in the
cholesterol-free ones (△).
The above experiments demonstrated that cholesterol was
indeed detrimental to carrier-based transport, in agreement
with other literature work.18 The study also assured us that,
despite the small enhancement in the glucose leakage caused by
cholesterol incorporation, macrocycle 5 did NOT function as a
carrier for glucose. If we “normalize” the cholesterol eﬀect on
the glucose transport over its (negative) impact on the CF
transport, we could still conclude that the glucose leakage
induced by 5 from the cholesterol-containing liposomes in
Figure 2a was unusually high.
After ruling out the carrier mechanism, we performed the
lipid-mixing assay to verify the integrity of the lipid bilayers. In
the lipid-mixing assay, a batch of unlabeled LUVs is mixed with
another batch labeled with 1 mol % of NBD- and rhodamine-
functionalized lipids. If the carboxylic acid-functionalized 5
destabilized the liposomes by other mechanisms (e.g.,
membrane fusion or destruction), the ﬂuorescence resonance
energy transfer (FRET) between the ﬂuorescent labels would
be aﬀected.19 In our hands, even at the highest concentration
studied (5 mol %), the liposomes showed <16% mixing (Figure
3a), indicating that none of the above-mentioned membrane-
disrupting processes was signiﬁcant in the presence of 5. The
conclusion was also supported by dynamic light scattering
(DLS) showing nearly constant size of the liposomes after the
addition of 5 (Figure 3a).
At this point, it seems reasonable to conclude that (a) the
carboxylic acids in macrocycle 5 were beneﬁcial to the glucose
transport across the membrane and (b) the transport bore
essentially all the important hallmarks of the hydrophobically
driven pore-forming mechanism. The only “abnormality” was
the smaller enhancement of glucose transport upon cholesterol
inclusion in the membrane. The observation, however, is not
diﬃcult to understand from the viewpoint of polarity.
Cholesterol increases the hydrophobicity of the membrane.13
Although the stronger environmental hydrophobicity facilitates
the stacking of cholate macrocycles,5 it probably lowers the
solubility of polar compounds including the terephthalic acid-
containing 5. Even if the carboxylic acid dimer may be stronger
in the more hydrophobic, cholesterol-containing membrane,
the overall lower concentration of 5 within the membrane
would represent a counterbalancing eﬀect for the pore
formation. This could also be one reason why 5 was still less
eﬀective in the glucose transport than the parent macrocycle 1
(Figure 3b).20
If indeed the carboxylic acid dimerization from the
terephthalic acid side chains and the hydrophobically driven
stacking of the cholate macrocycles were collectively respon-
sible for the high activity of 5, altering the dicarboxylic acids
should allow one to tune the transport activity. We thus
prepared a corresponding “carboxylic acid isomer”, i.e., 12,
following a similar click coupling. Unlike terephthalic acid that
forms a chain-like structure commensurate with the stacked
nanopore, 5-substituted isophthalic acid derivatives tend to
adopt cyclic hexameric structures through the carboxylic acid
dimerization.21 Since the stacked cholate macrocycles prefer a
linear alignment of the functionalized side chains, isophthalic
acid should be less than ideal.
The above postulation was conﬁrmed in our glucose leakage
assay. The isophthalic acid-functionalized macrocycle consis-
tently underperformed its para isomer as a glucose transporter
(Figure 3b), indicating that the orientation of the carboxylic
acids was critical to the transport. The result further ruled out
“generic” eﬀects of carboxylic acids on the membrane. If
compound 5, for example, simply causes glucose leakage by its
amphiphilicity, with the terephthalic acid acting as a hydrophilic
moiety, it is diﬃcult to imagine that switching the 1,4-
substitution to 1,3 would have a large eﬀect on the transport,
especially when there are numerous rotatable bonds between
the acid-containing phenyl group and the cholate macrocycle.
The importance of carboxylic acid dimerization in membrane
is also supported by the literature. When bound to lipid
membranes, fatty acids shift their pKa from ca. 4 in solution to
7.5.22 In the protonated, uncharged form, a fatty acid can
migrate into a lipid membrane and rapidly diﬀuse to the other
side. The half-life of the ﬂip-ﬂop of fatty acids in common lipid
bilayers is <10 ms.23 Thus, these acids have no diﬃculty
traversing the membrane, most likely because their dimerization
lowers the polarity of the carboxylic acids and make them
compatible with nonpolar environments.
In summary, carboxylic acid dimerization could be used to
rationally tune the hydrophobically driven pore formation of
cholate macrocycles. Our previous experience tells us that
molecular recognition in membrane could diﬀer enormously
from that in solution. The aromatic donor−acceptor inter-
actions between 1,5-dialkoxynaphthalene and NDI, for
example, were found to be 1−2 orders of magnitude stronger
than the acceptor−acceptor interactions in polar solvents.24 For
the cholate macrocycles, however, 4 transported glucose more
eﬃciently than either 3 or the 1:1 3/4 mixture.25 The result
suggested the acceptor−acceptor interactions were more
eﬀective at promoting the stacking of the cholate macrocycles
in lipid membranes. Another work of ours indicates that the
strong guanidinium−carboxylate salt bridge was rather
ineﬀective at promoting stacking of the cholate macrocycles,
due to the strong preference of these polar groups for
Figure 3. (a) Percent lipid-mixing and the size of the POPC/POPG
LUVs upon the addition of 5. [5] = 2.5 μM, [phospholipids] = 54.0
μM. (b) Percent leakage of glucose at 30 min induced by 1 (▲), 5
(⧫), and 12 (●) from POPC/POPG LUVs. [Phospholipids] = 104
μM.
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membrane surface.10 This work shows that carboxylic acid side
chains can be used to regulate the stacking of cholate
macrocycles eﬀectively. As chemists become interested in
creating functional structures in lipid membranes, the
carboxylic acid dimer26 may be a particularly useful motif for
supramolecular construction.27
■ EXPERIMENTAL SECTION
The preparation of LUVs, the procedures for the leakage assays, and
the lipid mixing assay were reported previously.5 Compound 7,28
compound 8,29 methyl 2-azidoterephthlate,30 and 5-azidoisophthalic
acid30 were synthesized according to literature procedures.
Compound 9. The carboxylic acid of 728 (450 mg, 0.37 mmol), 8
(83 mg, 0.48 mmol), 1-hydroxybenzotriazole (HOBt, 89 mg, 0.66
mmol), and (benzotriazol-1-yloxy)tris(dimethylamino)phosphonium
hexaﬂuorophosphate (BOP, 292 mg, 0.66 mmol) were dissolved in
anhydrous DMF (2 mL). N,N-Diisopropylethylamine (DIPEA, 0.51
mL, 2.93 mmol) was added. The mixture was allowed to react in a
microwave reactor at 100 °C for 1 h and monitored by TLC. When
the reaction was complete, the mixture was cooled to room
temperature and poured into a dilute HCl solution (0.05 M, 250
mL). The precipitate was collected, dried, and puriﬁed by column
chromatography over silica gel, using 12:1 CHCl3/CH3OH as the
eluent to give a light brown powder (272 mg, 55%). 1H NMR (400
MHz, CDCl3/CD3OD = 1:1, δ): 4.70 (br, 1H), 3.93 (br, 3H), 3.79
(br, 3H), 3.73 (s, 3H), 3.50 (br, 2H), 3.25 (s, 1H), 3.17 (m, 2H), 2.95
(m, 1H), 2.93 (m, 1H), 2.43 (t, 1H), 2.38−1.0 (a series of m), 0.66 (s,
9H). 13C NMR (100 MHz, CDCl3/CD3OD = 1:1, δ): 176.0, 174.8,
172.2, 79.7, 73.3, 72.4, 68.5, 62.0, 52.7, 52.3, 47.6, 46.7, 42.4, 39.9,
36.5, 36.2, 35.2, 34.0, 33.4, 32.4, 28.8, 27.1, 23.6, 23.0, 19.7, 17.6, 12.9.
ESI MS (m/z): [M + Na]+ calcd for C79H126N6NaO11S 1389.9098,
found 1390.9079.
Compound 10. A solution of compound 9 (155 mg, 0.110 mmol)
and triphenylphosphine (60 mg, 0.230 mmol) in methanol (4 mL)
was heated to reﬂux overnight. After the solvent was removed by
rotary evaporation, the residue was puriﬁed by column chromatog-
raphy over silica gel using 10:1 CH2Cl2/MeOH and then 8:1:0.1
CH2Cl2/MeOH/Et3N as the eluents to give an oﬀ-white powder (109
mg, 72%). 1H NMR (400 MHz, CDCl3/CD3OD = 1:1, δ): 3.95 (br,
3H), 3.79 (br, 3H), 3.74(s, 3H), 3.50 (br, 2H), 3.17 (m, 2H), 2.88 (m,
2H), 2.44 (t, 1H), 2.40−0.77 (a series of m), 0.66 (s, 9H). 13C NMR
(100 MHz, CDCl3/CD3OD = 1:1, δ): 176.0, 175.0, 172.4, 79.9, 73.4,
72.6, 68.4, 63.0, 59.4, 53.2, 51.5, 47.7, 46.9, 46.5, 42.7, 40.2, 36.9, 35.6,
34.0, 32.6, 28.8, 28.3, 27.3, 23.9, 23.0, 17.6, 12.9, 9.3,7.7. ESI MS (m/
z): [M + H]+ calcd for C79H129N4O11S 1341.9499, found 1341.9411.
Compound 11. Compound 10 was hydrolyzed by standard
procedures using 10 equiv of LiOH.28 The hydrolyzed product (50
mg, 0.038 mmol), BOP (84 mg, 0.190 mmol), and HOBT (26 mg,
0.190 mmol) were dissolved in DMF (30 mL), followed by the
addition of DIPEA (66 μL, 0.381 mmol). The mixture was allowed to
react in a microwave reactor at 100 °C for 1 h, cooled to room
temperature, and poured into a dilute HCl solution (0.05 M, 100 mL).
The precipitate was collected, dried, and puriﬁed by puriﬁed by
column chromatography over silica gel using 8:1 CH2Cl2/CH3OH as
the eluent to give an ivory powder (30 mg, 60%). 1H NMR (400 MHz,
CDCl3/CD3OD = 1:1, δ): 4.48 (br, 1H), 3.93 (br, 3H), 3.79 (br, 3H),
3.52 (br, 3H), 3.09 (m, 1H), 2.88 (m, 1H), 2.440 (t, 1H), 2.34−0.74
(a series of m), 0.69 (s, 9H). 13C NMR (100 MHz, CDCl3/CD3OD =
1:1, δ): 176.1, 74.3, 73.1, 69.4, 48.1, 47.8, 47.5, 43.2,43.0, 40.9, 37.5,
36.6, 36.2, 35.9, 34.5, 33.7, 33.3, 32.7, 31.0, 29.6, 28.8, 25.5,28.2,
28.1,27.9, 24.5, 23.9, 20.6, 18.3,13.8, 13.6, 9.9. ESI MS (m/z): [M +
Na]+ calcd for C78H124N4O10SNa 1331.8936, found 1331.8909.
Compound 6. Compound 11 (62 mg, 0.047 mmol), methyl 2-
azidoterephthlate (13 mg, 0.062 mmol), CuSO4·5H2O (24 mg, 0.095
mmol), and sodium ascorbate (38 mg, 0.189 mmol) were dissolved in
a 2:1:1 mixture of THF/methanol/water (0.8 mL) and stirred at 40 °C
overnight. The reaction mixture was concentrated by rotary
evaporation and poured into water (50 mL). The precipitate was
collected, dried, and puriﬁed by puriﬁed by column chromatography
over silica gel, using 12:1 CH2Cl2/CH3OH as the eluent to give an
ivory powder (51 mg, 70%). 1H NMR (400 MHz, CDCl3/CD3OD =
1:1, δ): 8.24−8.07 (br, 4 H), 4.53 (br, 1H), 3.97 (s, 3H), 3.93 (br,
3H), 3.79 (br, 3H), 3.73 (s, 3H), 3.43 (br 3H), 2.35−0.78 (a series of
m), 0.66 (m, 9H). 13C NMR (100 MHz, CDCl3/CD3OD = 1:1, δ):
176.6, 175.4, 170.5, 165.7, 136.7, 134.9, 131.9, 128.0, 88.1, 76.8, 73.5,
68.7, 63.2, 53.5, 42.9, 42.8, 42.6, 42.4, 40.2, 40.0, 36.9, 36.5, 36.3, 35.9,
35.5, 35.2, 32.0, 28.1, 27.6, 27.2, 26.3, 23.7, 23.1, 17.7, 12.9. ESI MS
(m/z): [M + H] + calcd for C88H134N7O14S 1544.9704, found
1544.9699.
Compound 5. Compound 6 (37 mg, 0.024 mmol) was dissolved
in MeOH (1 mL), and a solution of 2 M LiOH (0.2 mL, 0.40 mmol)
was added. The reaction was stirred at room temperature and
monitored by TLC. After the hydrolysis was complete, the organic
solvent was removed by rotary evaporation. After the addition of a
dilute HCl solution (50 mL, 0.05 M), the precipitate formed was
collected by centrifugation, washed with water, and dried in vacuo to
give a white powder (22 mg, 61%). 1H NMR (400 MHz, CDCl3/
CD3OD = 1:1, δ): 8.24−8.05 (br, 4 H), 4.47 (br, 1H), 3.93 (br, 3H),
3.79 (br, 3H), 3.50 (br, 3H), 2.32−0.77 (a series of m), 0.67 (m, 9H).
13C NMR (100 MHz, CDCl3/CD3OD = 1:1, δ): 177.3, 176.1, 171.6,
166.7, 166.4, 137.4, 135.6, 132.8,132.6,132.2, 128.7, 89.1, 77.4,
74.7,74.2,69.5, 54.2, 47.7, 47.6, 47.5, 47.4, 43.4, 43.2, 43.0, 41.0,
40.8, 40.7, 37.5, 37.2, 37.0,36.2,36.0,36.2, 35.9, 34.4,33.7, 33.3,
32.7,32.6, 31.1, 29.6, 28.3, 28.0, 27.9, 24.4, 23.9, 23.8, 18.4, 13.7,
13.5. ESI MS (m/z): [M + H] + calcd for C86H130N7O14S 1516.9391,
found 1516.9350.
Compound 12. The same procedure as in the synthesis of
compound 5 was followed to give 12 as an oﬀ-white powder (66%).
1H NMR (400 MHz, CDCl3/CD3OD = 1:1, δ): 8.22−8.07 (br, 4 H),
4.45 (br, 1H), 3.95 (br, 3H), 3.79 (br, 3H), 3.49 (br, 3H), 2.31−
0.76(a series of m), 0.68 (m, 9H). 13C NMR (100 MHz, CDCl3/
CD3OD = 1:1, δ): 177.3, 176.1, 171.6, 166.7, 166.4, 137.4, 135.6,
132.8,132.6,132.2, 128.7, 89.1, 77.4, 74.7,74.2,69.5, 54.2, 47.7, 47.6,
47.5, 47.4, 43.4, 43.2, 43.0, 41.0, 40.8, 40.7, 37.5, 37.2,
37.0,36.2,36.0,36.2, 35.9, 34.4,33.7, 33.3, 32.7,32.6, 31.1, 29.6, 28.3,
28.0, 27.9, 24.4, 23.9, 23.8, 18.4, 13.7, 13.5. ESI MS (m/z): [M − H] +
calcd for C86H128N7O14S 1514.9245, found 1514.9229.
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